The customary consanguineous nuptials in Pakistan underlie the frequent occurrence of autosomal recessive inherited disorders, including retinal dystrophy (RD). In many studies, homozygosity mapping has been shown to be successful in mapping susceptibility loci for autosomal recessive inherited disease. RDs are the most frequent cause of inherited blindness worldwide. To date there is no comprehensive genetic overview of different RDs in Pakistan. In this review, genetic data of syndromic and non-syndromic RD families from Pakistan has been collected. Out of the 132 genes known to be involved in non-syndromic RD, 35 different genes have been reported to be mutated in families of Pakistani origin. In the Pakistani RD families 90% of the mutations causing non-syndromic RD and all mutations causing syndromic forms of the disease have not
Introduction
Inherited retinal dystrophies (RD) belong to a group of clinically and genetically heterogeneous disorders [1] . The clinical sub-classification of this group of diseases is based on the nature of the disease (stationary or progressive), the inheritance pattern, and the dysfunctional part of the retina [2] . The disease is either congenital, occurring early in life, such as Leber congenital amaurosis (LCA; MIM# 204000), and congenital stationary night blindness (CSNB; MIM# 310500), or might have a later onset, such as in retinitis pigmentosa (RP; MIM# 268000), cone-rod dystrophy (CRD; MIM# 604116), and cone dystrophy (CD; MIM# 602093) [3] . In addition to disorders confined to the eye, there are syndromic forms of the disease in which retinal dystrophy is either among the primary clinical symptoms or might manifest at an advanced stage. The most common syndromic form of RD is Usher syndrome (USH; MIM# 276900), in which RP is associated with variable degrees of hearing loss and vestibular dysfunction [4] . Other types of syndromic RD include Bardet-Biedl syndrome (BBS; MIM# 209900), Senior-Loken syndrome (SLSN; MIM# 266900), Joubert syndrome (JBTS; MIM# 213300), and Meckel syndrome (MKS; MIM# 249000). All these syndromes exhibit severe clinical features in addition to retinal degeneration [5, 6] .
The estimated worldwide prevalence of RD is 1 in 3000 individuals [7] . RP is the most frequent phenotype among the RDs, affecting 1 in 4000 individuals [8, 9] . In Pakistan the frequency of RD is not very well defined, but a hospital-based study estimated autosomal recessive RP to be the most prevalent [10] . In several developing countries, as opposed to Western countries, consanguinity has always been a major contributing factor in the high prevalence of autosomal recessive disorders [11] . In Pakistan more than 60% of marriages are consanguineous and among them about 80% are between first cousins [12] . Such consanguineous families are ideal for homozygosity based genetic mapping studies aimed at the identification of the underlying genetic defect [13, 14] .
As a result of several technological advances, 201 genes implicated in different forms of RD have been identified to date [15] . Among these genes, 132 are linked to non-syndromic forms of the disease with some genetic overlap between different classes [1, 3, 16] . In the developed countries, genetic testing using medium-to-high throughput genotyping methods are now being routinely used for proper disease diagnosis [17] . This has resulted in the establishment of many genotype-phenotype correlations [17] [18] [19] . In the last two decades, several studies have described the genetic causes of different retinal dystrophies in consanguineous Pakistani families. However, to date, there has been no comprehensive ophthalmogenetic overview of all forms of RD that have been identified in Pakistan. Therefore, this literature review provides an overview of all published genetic data of syndromic and non-syndromic RD that have been described for Pakistani families.
Experimental
A comprehensive literature review was performed for mutations and loci, which have been described previously for Pakistani individuals with syndromic and non-syndromic retinal diseases. The Retinal Network (RetNet) [15] , National Centre for Biotechnology Information (NCBI) [20] , Online Mendelian Inheritance in Man (OMIM) [21] , The Human Gene Mutation Database (HGMD) [22] , and published literature were used to search for the causative genes. In order to predict the pathogenicity of the reported missense mutations, in silico analysis including, polymorphism phenotyping (PolyPhen-2) [23] , and sorting tolerant from intolerant (SIFT) [24] were performed. The frequency of these variants in the healthy population was checked via the exome variant server (EVS) [25] .
Results

Overview of Molecular Genetic Studies in Non-Syndromic RD in Pakistan
Thus far, fifty-six studies have reported on the genetic causes of non-syndromic RD including arCRD, arCSNB, arLCA, and arRP in Pakistani persons, most of which belong to consanguineous families. The genetic data of a total of 466 Pakistani RD patients from 103 families (Tables 1 and 2) , have been described in the current review. Among these retinal phenotypes, arRP was found to be the most frequently occurring RD (59%), followed by arLCA (19%), arCRD (10%), and arCSNB (9%) (Tables 1 and 2; Figure 1 ). Autosomal recessive inheritance seems to predominate in the RD families (96%) and only two autosomal dominant RP (adRP) families have been described (Tables 1 and 2 ). Of these, one adRP family carries a mutation in RHO (MIM# 180380) [26] , while in one family a frequent variant (c.2138G>A) in SEMA4A (MIM# 607292) has been described to cause adRP, however in silico prediction and exome variant server (EVS) frequency do not support the pathogenicity of the latter variant (Table 2 ) [27] . The compiled data demonstrate that out of the 132 genes known to be involved in non-syndromic RD, mutations in 36 different genes are causing disease in patients of Pakistani origin (Table 1; Figure 2 ), reflecting the genetic heterogeneity of the disease in this population. The most frequently mutated genes were AIPL1 (MIM# 604392), CRB1 (MIM# 604210), TULP1 (MIM# 602280), RPGRIP1 (MIM# 605446), RP1 (MIM# 180100), SEMA4A, LCA5 (MIM# 611408), and PDE6A (MIM# 180071) (Figure 2) . Most of the reported mutations, and those identified in the current cohort, were novel to this population except for mutations in ABCA4 (MIM# 601691), CRB1, CERKL (MIM# 608381), RPE65 (MIM# 180069), RPGR (MIM# 312610), and SPATA7 (MIM# 609868), which were initially identified in persons of different ethnicity ( Table 1) . As expected, all the reported disease associated alleles are rare variants and in silico analysis predicted these variants to have a deleterious effect on protein function (Table S1 ). Out of the 47 non-synonymous variants identified in Pakistani non-syndromic RD families (Table 1 ) three variants (SEMA4A, c.2138G>A; RP1, c.1118C>T; RPGRIP1, c.1639G>T), are reported as single nucleotide polymorphisms (SNP) with high frequencies in the EVS (Table 2) [27, 64, 69] . In addition, SIFT also predicts these changes to be tolerated while except for the RPGRIP1 variant, the other two are considered to be benign by PolyPhen-2 (Table 2) . Therefore, these variants could be segregating with the disease in the family by chance and the causative mutation may reside in another gene. 
Overview of Molecular Genetic Studies in Syndromic RDs in Pakistan
In addition to the non-syndromic families, data of 52 syndromic RD families with a total of 139 affected individuals were collected from 22 studies. Usher syndrome represented about 36% of the families in this group, whereas BBS (33%), MKS (13%), JBTS (10%), and SLSN (8%), accounted for the other families (Table 3; Figure 3 ). The most commonly mutated gene associated with syndromic RD in the Pakistani population was cadherin 23 (CDH23; MIM# 605516), which has been reported to be mutated in persons with Usher type 1, followed by TMEM67 (MIM# 609884), the gene mutated in persons with autosomal recessive MKS (Table 3; Figure 4 ). As expected for the syndromic mutations, all the reported disease associated alleles are rare variants and in silico analysis predicted these variants to have a deleterious effect on protein function (Table S2 ).
Discussion
The Pakistani population is known for its high rate of consanguinity (>60%), but it is still remarkable that 97% of the families with inherited RDs had an autosomal recessive mode of inheritance. It is, therefore, not surprising that Pakistani families have been instrumental in pinpointing a number of the underlying gene defects through homozygosity mapping [80, 81] . Genetic studies of Pakistani families with RD have previously facilitated the identification of eleven novel RD genes, i.e., AIPL1 [34] , BEST1 [35] , CC2D2A (MIM# 612013) [82] , CDH23 (MIM# 605516) [83] , IMPG2 (MIM# 607056) [51] , LCA5 (MIM# 611408) [53] , NMNAT1 (MIM:608700) [55, 56] , ZNF513 (MIM# 613598) [78] , PCDH15 (MIM# 605514) [84] , SEMA4A [27] , and SLC24A1 (MIM# 603617) [71] . In addition, mutations in CLRN1 (MIM# 606397) and TTC8 (MIM# 608132), which had been previously implicated in the syndromic retinal phenotypes USH3 (MIM# 276902), and BBS (MIM# 209900), respectively, were found to cause non-syndromic arRP [39, 74] . Mutations in RP1, which had previously been shown to be involved in adRP, were found to segregate in a recessive manner in 3 Pakistani families [64] . In addition to the novel genes identified in the affected Pakistani families, five novel RD loci including three non-syndromic, i.e., CORD8 (MIM# 605549), [85] , RP29 (MIM# 612165), [86] , and RP32 [87] , and two syndromic, i.e., USH1H (MIM# 612632), [88] , and USH1K [89] , have also been identified in Pakistani families. In the 103 non-syndromic Pakistani RD families described so far, mutations were most frequently found in AIPL1, CRB1, TULP1, RPGRIP1, RP1, SEMA4A, LCA5, and PDE6A (Table 1; Figure 2) . A direct comparison with other RD populations is difficult as comprehensive studies of this kind are rare. In a recent study of Abu-Safieh et al. (2012) comprising 150 Saudi Arabian RD families, similar results were observed as RP1, TULP1, RPGRIP1, and CRB1 were found to be the most frequently mutated genes [108] .
A worldwide general literature study revealed arRP-associated mutations distributed in USH2A (12%; MIM# 276901), ABCA4 (8%), PDE6B (7%; MIM# 180072), CNGB1 (6%), and PDE6A (5%; MIM# 180071) [109] . In a more recent study of 230 Dutch persons with isolated or arRP [110] , the most frequently mutated genes were EYS (11%; MIM# 602772), and CRB1 (11%) followed by USH2A (10%), ABCA4 (9%), and PDE6B (7%). As opposed to these studies the absence of USH2A variants in individuals of Pakistani origin is probably due to the fact that the most frequent arRP-associated variant, c.2299del;p.(E767fs), is almost invariably found in compound heterozygous states with second mutations that are considered to be mild [111] , precluding their detection in a homozygosity mapping approach. Other differences can only be attributed to divergent genetic backgrounds of these populations [112, 113] .
Although 113/118 variants listed in Tables 1 and 3 (Table 1) , explain about 25% of the non-syndromic Pakistani RD families. The p.Trp278* variant has been identified as the most frequent AIPL1 variant worldwide in many LCA studies [114, 115] [116] [117] [118] [119] .
Three of the 47 missense mutations (RP1: c.1118C>T, RPGRIP1: c.1639G>T, SEMA4A: c.2138G>A) reported to be associated with RD in Pakistani families are found at higher frequencies in EVS. In silico analysis also predict them likely to be non-pathogenic, therefore they should be considered as non-causative (Table 2) [27, 64, 69] . As these variants on their own are not sufficient to explain the phenotype in these six families (two, three and one with RP1, RPGRIP1 and SEMA4A mutations, respectively) they must still be considered genetically unresolved.
Of all the non-syndromic and syndromic arRD families (n = 146), which are genetically resolved, compound heterozygous mutations were identified in only four non-syndromic RD families (4/146 = 2.7%). These compound heterozygous mutations were identified in SEMA4A. This finding on one hand favors the utility of homozygosity based gene identification strategies for Pakistani RD families. While on the other hand it also indicates that in a small but significant proportion of the families (~2/100), compound heterozygous mutations might be able to explain the phenotype. These mutations will certainly be overlooked if one only considers homozygosity mapping based approaches to pinpoint causative genetic defects.
Conclusions
This review provides a comprehensive overview of genetic causes of non-syndromic and syndromic retinal diseases in Pakistan, the results of which can be used to design a cost-effective screening platform for future genetic testing in Pakistan. For genetically unsolved non-syndromic RD cases, we propose a sequencing-based pre-screening genetic test in which 10 different amplicons capture the most frequent mutations described for Pakistani RD patients. In consanguineous families, homozygosity directed sequence analysis has demonstrated its potential to unravel genetic defect underlying recessive diseases.
Acknowledgments
This work was supported by grant no. PAS/I-9/Project awarded (to R.Q. and M.A.), by the Pakistan Academy of Sciences and a core grant from the COMSATS Institute of Information Technology. This work was also financially supported by the Foundation Fighting Blindness, USA, the Stichting Nederlands Oogheelkundig Onderzoek, the Nelly Reef Foundation, the Stichting ter Verbetering van het Lot der Blinden (to F.P.M.C., R.W.J.C., and A.I.d.H.), the Gelderse Blinden Stichting (to F.P.M.C.), the Rotterdamse Stichting Blindenbelangen, the Stichting Blindenhulp, the Stichting A.F. Deutman Researchfonds Oogheelkunde, and the Stichting voor Ooglijders (to F.P.M.C. and M.I.K.). F.P.M.C. and M.I.K. were also supported by the following foundations: the Algemene Nederlandse Vereniging ter Voorkoming van Blindheid, the Landelijke Stichting voor Blinden en Slechtzienden, the Stichting Retina Nederland Fonds, and the Novartis fund, that contributed through UitZicht.
The funding organizations had no role in the design or conduct of this research. They provided unrestricted grants.
Author Contributions
Conception and design: FPMC, MIK, MAz, RQ, RWJC, and AIH; collected the data: MIK, MAz, and MAj; wrote the manuscript: MIK, MAz, MAj, RWJC, AIH, FPMC, and RQ.
Conflicts of Interest
The authors declare no conflict of interest.
